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Spatiotemporal regulation of transcription is fine-tuned at multiple levels, including 33 chromatin compaction. Polycomb Repressive Complex 2 (PRC2) catalyzes the 34 trimethylation of Histone 3 at lysine 27 (H3K27me3), which is the hallmark of a repressive 35 chromatin state. Multiple PRC2 complexes have been reported in Arabidopsis thaliana to 36 control the expression of genes involved in developmental transitions and maintenance of 37 organ identity. Here, we show that PRC2 member genes display complex spatiotemporal 38 gene expression patterns and function in root meristem and vascular cell proliferation and 39 specification. Furthermore, PRC2 gene expression patterns correspond with vascular and 40 non-vascular tissue-specific H3K27me3-marked genes. This tissue-specific repression via 41
H3K27me3 regulates the balance between cell proliferation and differentiation. Using 42 enhanced yeast-one-hybrid analysis, upstream regulators of the PRC2 member genes are 43 identified, and genetic analysis demonstrates that transcriptional regulation of some PRC2 44 genes plays an important role in determining PRC2 spatiotemporal activity within a 45 developing organ. 46 47
INTRODUCTION 48
The formation of new organs involves transcriptional reprogramming of pluripotent stem 49 cells in order to give rise to different cell types. This temporal and spatial regulation of 50 gene expression are regulated at multiple levels, including chromatin compaction via 51 histone post-translational modifications, a general mechanism by which promoter 52 accessibility is regulated to enable interaction with transcription factors and RNA 53 polymerase machinery. Despite the extensive chromatin modification data generated in 54 recent years, few studies have evaluated the transcriptional regulation of chromatin 55 modifiers themselves. Polycomb Repressive Complex 2 (PRC2) catalyzes the 56 trimethylation of Histone 3 protein at the lysine 27 position (H3K27me3), the hallmark of a 57 silent chromatin state that is correlated with gene repression and its maintenance across 58 cell division. 59 8 2005; Gaudinier et al., 2011) (Kinoshita et al., 2001; Reece-Hoyes et al., 2011 ) 249 (Supplemental Data Set 2). In total, 101 transcription factors (out of 653) interacted with 250 these potential promoters ( Figure 5 ), with ten TF families over-represented (C2H2, bHLH, 251 Homeobox, MYB, AP2-EREBP, WRKY, GRAS, bZIP, C2C2-Dof, and ARF; p-value < 0.01). 252
In order to validate these transcription factor-promoter interactions in planta, we performed 253 two types of assays. Transcription factors were overexpressed using a β-estradiol-254 inducible system (De Lucia et al., 2008; Coego et al., 2014) and expression of the 255 respective target gene was measured 24 hours after induction (Supplemental Data Set 3) . 256
In addition, myc-tagged transcription factors were assessed for their ability to drive 257 expression of the GUS reporter gene fused to the target promoter in Nicotiana 258 benthamiana leaves (Supplemental Data Set 3). Altogether, 71 of the 101 transcription 259
factors in the network were tested in these in planta assays and a total of 63 interactions 260 were successfully validated in planta (Supplemental Data Set 3, Figure 5 , Supplemental 261 Figure 8 ). We hypothesize that these transcription factors represent an important upstream 262 regulatory component of PRC2 gene expression. We next postulated that distinct TFs 263 could control the expression of PRC2 genes in different cell types. To address this 264 question, we investigated the co-expression patterns between each TF and their target 265 gene using spatial root transcriptome data (Scheres, 2007; Brady et al., 2007; Terpstra 266 and Heidstra, 2009) (Supplemental Figure 7) . A total of 9 TF-promoter interactions were 267 significantly and highly correlated across cell types (r ≥ ±0.6) (Supplemental Data Set 3). 268
Together, our data demonstrate that a diverse set of transcription factors is sufficient to 269 regulate PRC2 expression in planta, along with other factors including the regulation of the 270 chromatin environment, which likely act in a combinatorial regulatory code to specify PRC2 271 gene expression. 272
Transcriptional Regulation of PRC2 Components Contributes to PRC2-Mediated 273

Regulation of Cell Proliferation and Differentiation 274
In order to determine the functional contribution of transcription factors controlling PRC2 275 gene expression that in turn regulate the expression of PRC2 target genes, we focused on 276 the DOF6 transcription factor, which activates CLF expression both in transient and Figure 6C ), our hypothesis was that DOF6 283 overexpression could lead to an increase in CLF expression in non-vascular tissue, which 284 in turn could result in an increase in PRC2 activity in these cell types, as determined by 285 measuring gene expression and corresponding H3K27me3 levels. Our H3K27me3 ChIP-286 seq data demonstrate that ARF17 is a vascular-specific target of PRC2, and the 287 transcriptional fusion data demonstrate that ARF17 is only expressed outside of the 288 vasculature ( Figure 4C , Supplemental Data Set 1). ARF17 is a target of PRC2 complexes 289 containing CLF but not SWN based on the increase in gene expression in clf-29 versus 290 swn-7 mutants ( Figure 6B ). Furthermore, overexpression of a miRNA160-resistant version 291 of ARF17 results in prominent vegetative and floral defects similar to those observed in clf-292 29, including upward curling of leaf margins, reduced plant size, accelerated flowering time, 293 and reduced fertility (Kinoshita et al., 2001; Mallory, 2005; Chanvivattana et al., 2004) . We 294 thus chose ARF17 as a candidate to explore the influence of PRC2 gene expression 295 manipulation on its target gene (ARF17) expression. 296
297
Over-expression of DOF6 led to increased expression of CLF concomitantly with a 298 decrease in ARF17 expression ( Figure 6C ). This decrease in ARF17 expression is 299 dependent on CLF, as shown in the DOF6 estradiol-inducible line in the clf-29 mutant 300 background ( Figure 6E ). Furthermore, the domain of ARF17 expression expanded to the 301 vascular cylinder in a clf-29 mutant background ( Figure 6F ), demonstrating that CLF is 302 sufficient to regulate the spatial expression pattern of ARF17. Finally, H3K27me3 of 303 ARF17 is increased upon DOF6 induction ( Figure 6D ), demonstrating that DOF6 increases 304 the expression of CLF and, in turn, CLF regulates the expression of the target gene 305 ARF17 through changes in H3K27me3. An additional influence of CLF was observed with 306 respect to the regulation of root length. When the clf-29 mutation was introduced into the 307 DOF6 estradiol-inducible line, upon estradiol induction, no influence on root length was 308 observed. Thus, we identified transcription factors that are sufficient to control the 309 expression of PRC2 genes in the root, and we demonstrated that altered expression of 310 these transcription factors can disrupt the expression of a PRC2 subunit gene in addition 311 to the levels of H3K27me3 and the corresponding expression of its target gene. 312
DISCUSSION 313
A Multi-tiered Regulatory Network for Gene Expression 314
We systematically characterized the regulation of PRC2 gene expression at cell type-315 resolution using Arabidopsis roots as a model system. We showed that there are distinct 316 spatial and temporal transcript accumulation patterns for PRC2 components. The 317 heterologous (yeast/N. benthamiana) and in vivo (Arabidopsis) approaches we employed 318 revealed a transcriptional network that controls PRC2 gene expression in the Arabidopsis 319 root. Altogether, our data provide evidence that transcriptional control of the PRC2 320 component CLF, and likely of other PRC2 components, plays an important role in 321 determining H3K27me3 levels and the corresponding expression of H3K27me3 targets in 322 a spatiotemporal manner. This regulation is likely complemented by other previously 323 described modes of regulation in Arabidopsis, including cis-regulatory regions similar to 324 the Polycomb Repressive Element in Drosophila (Ikeuchi et al., 2015; Deng et al., 2013) , 325 long non-coding RNAs, and protein-protein interactions via Polycomb Repressive 326
Complex 1 (PRC1) and PRC1-like genes to determine target specificity and chromatin 327 compaction (Ikeuchi et al., 2015; Margueron and Reinberg, 2011) . 328
Further dissection of these distinct tiers of this regulatory network is needed. At the upper 329 level of the network, the correlation of expression between transcription factors and their 330 target PRC2 genes (Gu et al., 2014; Brady et al., 2007) suggests that distinct groups of 331 transcription factors regulate the expression of these genes in space, in time, or in both 332 space and time (Supplemental Data Set 1). At the second tier of the network, analyses of 333 PRC2 gene mutants demonstrated that CLF, SWN and FIE, key components of PRC2, 334 functionally regulate root meristem and vascular development, likely at the level of cell 335 division. Additionally, the translational fusion patterns suggest that only a restricted 336 number of complexes can form at a particular cell type or temporal stage of development. 337
It will be interesting in the future to determine if the cell type-or tissue-specific expression 338 patterns of CLF or SWN are necessary to regulate the H3K27me3 of distinct suites of 339 genes. In addition, in proximal meristematic vascular tissue, CLF and SWN protein were 340 both present. The mechanism by which different complexes form and how the affinity for 341 different targets is determined remain to be described. At the final tier of the network, 342 whether distinct PRC2 complexes regulate distinct groups of genes within the root 343 meristem remains to be determined. However, our data showing vascular-specific 344
H3K27me3 and silenced genes provide proof of such suites of genes at the level of 345 individual tissues. 346
Regulation of Cell Proliferation and Differentiation during Arabidopsis Root 347
Development 348
In plants, PRC2 proteins maintain organ and cell-type identity, regulate developmental 349 transitions, repress cell proliferation (Lafos et al., 2011; Hennig and Derkacheva, 2009) that observed in mutants of other PRC2 subunits. In the vascular cylinder, the planes of 374 division were altered suggesting that this particular gene likely plays a role in procambium 375 cell patterning. Interestingly, WOL pro :amiRNA_MSI1 expression resulted in a short root 376 phenotype despite being only driven in the vascular cylinder. This could be due to cell 377 non-autonomous effects, defects in vascular development influencing overall growth, or a 378 defect in the vascular initial cells, which determine quiescent cell identity. MSI1 is a 379 member of other chromatin modifying complexes including the CAF1 complex, which is 380 associated with nucleosome deposition for chromatin assembly and histone deacetylation 381 (Jullien et al., 2008; Hennig et al., 2003) . Thus, the phenotypes observed may reflect 382 developmental decisions occurring during early root patterning or independent of PRC2 383 activity. 384
A Comparative Perspective on PRC2 Function in Plants and Animals 385
In animal embryonic stem cells and outside of the embryo, PRC2 is required for the 386 maintenance of differentiation potential (Köhler et al., 2003; Laugesen and Helin, 2014) . 387
Mutations in PRC2 subunits can either delay differentiation of myogenic or neurogenic cell 388 types or precociously advance the differentiation of particular cell types in addition to 389 preserving the appropriate cell identity (Inoue et al., 2001; Stojic et al., 2011; Pasini et al., 390 2007; Hirabayashi et al., 2009; Fasano et al., 2007; Sher et al., 2008; Aldiri and Vetter, 391 2009 ). In contrast, in the plant procambial stem cell population, PRC2 regulates self-392 renewal capabilities (Turck et al., 2007; Laugesen and Helin, 2014; Zhang et al., 2007a; 393 Deal and Henikoff, 2010; Lafos et al., 2011) . Our data also demonstrate that in root cells, 394 PRC2 ensures the correct cell type-specific differentiation state through spatially 395 repressing the expression of cell type-specific developmental regulators (VND7). Thus, in 396 plants, PRC2 regulates self-renewal of the procambial stem cell population in addition to 397 cell differentiation. 398
Uncontrolled abundance, increased activity, or loss of function of PRC2 components can 399 lead to disease (Birnbaum et al., 2003; Bracken et al., 2003; Kleer et al., 2003; Takawa et 400 al., 2011; Varambally et al., 2002; Wagener et al., 2010) . Thus, our findings indicate that 401 transcription factors may be an important component in determining PRC2 gene 402 expression in animals, and through this mechanism, the repression of their targets. 403
Furthermore, in cases where multiple genes have been found to encode a single PRC2 404 subunit, the expression patterns of these subunits and their upstream regulation should be 405 systematically explored. Epigenetic abnormalities are common in human cancer and play 406 a key role in tumor progression, and hence, significant efforts have focused on developing 407 inhibitors of these PRC2 proteins to treat disease (Zhang et al., 2007b; Helin and Dhanak, 408 2013; Roudier et al., 2011) . The characterization of cell type or tissue-specific regulation of 409 PRC2 gene expression may provide an additional mode by which the negative effects 410 caused by PRC2 misregulation could be abrogated. 411
METHODS 412
Plant material 413
All transgenic Arabidopsis thaliana plants and mutants are in the Col-0 background except 414 for the VRN2 pro :VRN2:GUS line (kindly provided by Caroline Dean), which is in the Ler 415 13 background, as is the FIEpro:FIE:GFP line (Kinoshita et al., 2001) . The clf-28 swn-7 416 (SALK_139371, SALK_109121), clf-29 (SALK_021003), swn-7 (SALK_109121), and fie 417 (SALK_042962) (Du et al., 2010; Bouyer et al., 2011) 
Cloning strategies 432
All oligonucleotides used in this study are described in Supplemental Data Set 4. All PCR-433 amplified fragments were completely sequenced after subcloning, and only the clones 434 without PCR-induced errors were used for subsequent cloning steps. For promoter 435 amplification, Col-0 genomic DNA was used as template. For coding region amplification, 436
Col-0 cDNA was used as template, except for the CLF coding region, which was amplified 437 from genomic DNA and thus contains introns. For the generation of the transcriptional 438 GUS fusions, each respective PCR product was introduced into pENTR D-TOPO 439 (Invitrogen) and subsequently recombined into the pGWB4 and pGWB5 destination 440 vectors (Nakagawa et al., 2007) The design of the artificial miRNA for MSI1 was performed following WMD3 software 478 (Ossowski et al., 2008) and cloned into pENTR D-TOPO. Afterwards, a Multisite Gateway 479 reaction was performed in combination with the promoter of WOODEN LEG (kindly 480 provided by Anthony Bishopp -University of Nottingham) and pK7m24GW (Karimi et al., 481 2005) . The resulting plasmids were introduced into Agrobacterium tumefaciens strain 482 GV3101 carrying the pSoup plasmid (Hellens et al., 2000) , and Col-0 wild type in addition 483 to MSI1 pro :MSI1:GFP were transformed using floral dip (Clough and Bent, 1998) . 484
Transformation into the MSI1 pro :MSI1:GFP background served as a control to ensure 485 precise tissue-specific silencing of MSI1 with the designed artificial miRNA. 486
Arabidopsis cross-sections 487
Five-day-old roots were embedded in 3% agarose (PELCO® 21 Cavity EM Embedding 488 Mold) and incubated overnight at 4ºC in Fixation Buffer (2.5% glutaldehyde + 2% 489 paraformaldehyde in phosphate buffer 0.2M (pH 7). Dehydration was performed by 490 incubating the sample for 2h in serial dilutions of ethanol (20%, 40%, 60%, 80%, 90% and 491 95%). The sample was plastic embedded by performing the following steps: 2 hours 492 incubation in 1:1 Ethanol:Acetone, 2 hours incubation in 100% Acetone, 12 hours 493 incubation in 7:1 Acetone:Spurr's resin, 12 hours incubation in 3:1 Acetone:Spurr's resin, 494 12 hours incubation in 100% Spurr's resin, 12 hours incubation in Spurr's resin. The resin 495 was polymerized at 70ºC for 12 hours. Blocks were trimmed and 1.5 µM cross-sections 496 were produced with a Leica 2050 SuperCut microtome. Toluidine blue staining (0.1% of 497
Toluidine blue in 0.1M Phosphate buffer pH 6.8) was performed before microscopic 498
analysis. 499 500
The mPS-PI staining method (Truernit et al., 2008) combined with confocal microscopy 501 was used for the acquisition of high resolution root longitudinal and Z-stack images of 502
ARF17ox plants under Mock and β-Estradiol treatments. 503
Gene regulatory network mapping 504
Promoter sequences for PRC2 genes are described in Supplemental Data Set 2. Yeast 505
One Hybrid Screening was performed as described (Gaudinier et al., 2011) . Correlations 506 between predicted transcription factors and targets were determined using root spatial 507 temporal microarray datasets found in Brady et al. 2007 . For simplicity, the data were 508 transformed to contain the Log(2) mean expression value for each sample. A Pearson 509 correlation was calculated for each network-predicted TF-promoter interaction set. 510
Interactions with a Benjamini-Hochberg FDR corrected p-value less than or equal to 0.05 511 were considered significant. P-values for the Benjamini-Hochberg correction were 512 genotype. In each case, the ΔΔCt was calculated relative to a Ubiquitin10 control 530 (At4g05320). In all cases, significance was tested using a t-test. * = p<.05; ** = p<.01; *** 531 = p<.001. 532
We used Cytoscape software (Shannon et al., 2003) for data visualization and GO 533 analysis of the network. 534
Whole mount H3K27me3 immunohybridization of Arabidopsis roots 535
The protocol was adapted from (She et al., 2014) . Roots of 5-day-old plants were fixed in 536 fixation buffer (1xPBS, 2mM EGTA, 1% Formaldehyde, 10% for 537 30 minutes at room temperature and then mounted in 5% Acrylamide on a microscope 538 slide. Samples were fixed by incubating them for 5 minutes in 100% ethanol, 5 minutes in 539 
Chromatin Immunoprecipitation assay 567
The chromatin immunoprecipitation assay performed in this study is a modification of the 568 protocol described in (Bouyer et al., 2011) . We used four independent biological replicates 569 (100,000 GFP positive protoplast each) and two antibodies: H3K27me3 (Millipore 07-449) 570 and H3K4me3 (Millipore 07-473). DNA recovered after ChIP and the input chromatin were 571 both amplified using a SeqPlex Enhanced DNA amplification kit (SEQXE -Sigma) 572 following the manufacturer's instructions. Amplified DNA was used to synthesize a 573
barcoded Illumina-compatible library (Kumar et al., 2012) . Libraries were pooled and 574 sequenced on the HiSeq2000 in the 50SR mode. 575
ChIPseq data analysis 576
Reads were filtered by length and quality and aligned to the Arabidopsis (TAIR10) genome 577 using Bowtie (Langmead et al., 2009 ) and the parameters "-v2 -m1 --best --strata -S". 578 SCICER software was used to determine the differentially methylated islands using a 579 Root cell type-specific expression of the H3K27me3 and H3K4me3 affected genes was 587 obtained from (Brady et al., 2007) . Raw expression values were log 2 transformed and 588 graphed with R software and the ggplot2 package. 589
GUS expression analysis in Arabidopsis 590
Plant tissue was fixed in 90% acetone for 30 minutes and washed twice with water before 591 GUS staining. Roots were submerged in the GUS staining solution (50mM Phosphate 592 buffer, 0.2% Triton TX-100, 1.5mM Potassium Ferrocyanide, 1.5mM Potassium 593
Ferricyanide and 2mM X-Gluc (5-bromo-4-chloro-3-indolyl ß-D-glucuronide cyclohexamine 594 salt dissolved in DMSO -Gold Biotechnology G1281C1), infiltrated under vacuum for 5 595 minutes, and incubated at 37ºC in the dark for 18 hours. Roots were then washed with 596 increasing concentrations of diluted ethanol (20%, 35%, 50% and 70%) and then mounted 597 with Hoyer's solution on microscope slides. The activity of the GUS reporter gene was 598 observed under a Zeiss Axioscope 2 Fluorescence microscope. 599
In situ hybridization 600
The ARF17 and CLF coding region was PCR amplified using Col0 cDNA and the set of 601 primers "ARF17_cDNA_F"/"ARF17_cDNA_ R" and "CLF_TOPO_F_NO_ATG"/" 602 CLF_R(no_STOP)". PCR product was cloned into pGEMTeasy (PROMEGA). Fluorescein 603 labeled sense and antisense probes were performed as manufacturer indications 604 (Fluorescein RNA Labeling Mix -Roche). Tissue fixation, permeabilization, probe 605 hybridization and detection were adapted from (Bruno et al., 2011) . Probe detection was 606 performed using HRP conjugated anti-FITC antibody (1:100 dilution) (AB6656, Abcam), 607 followed by tyramide signal amplification (TSA™ Reagent, Alexa Fluor® 488 Tyramide -608 Molecular probes (T20948)). Tissue was then counter stained with propidium iodide 609 (5ug/mL) for 5 min, rinsed in water, and the samples were mounted with antifade reagent 610 (Prolong gold -Molecular probes -(P36941)). Samples were imaged using a Zeiss 880 611
with Ayriscan (SBBS -Durham University). Simultaneous detection of Alexa fluor 488 and 612 Propidium Iodide signal was performed using the same settings among the different 613 samples (10-15 roots were studied for each mutant line). 614
Accession numbers 616
Sequence data from this article can be found in the GenBank/EMBL libraries under 617 accession numbers GSE86429. Accession numbers of major genes mentioned are as 618 Parsed Citations
